We present a detailed study of the magnetic properties of ͑Ga,Mn͒N layers grown directly on 4H-SiC substrates by reactive molecular-beam epitaxy. X-ray diffraction and transmission electron microscopy demonstrates that homogeneous ͑Ga,Mn͒N alloys of high crystal quality can be synthesized by this growth method up to a Mn-content of 10-12 %. Using a variety of magnetization experiments ͑temperature-dependent dc magnetization, isothermal remanent magnetization, frequency and field dependent ac susceptibility͒, we demonstrate that insulating ͑Ga,Mn͒N alloys represent a Heisenberg spin-glass with a spin-freezing temperature around 4.5 K. We discuss the origins of this spin-glass characteristics in terms of the deep-acceptor nature of Mn in GaN and the resulting insulating character of this compound.
I. INTRODUCTION
Recently, the issue of achieving room-temperature ferromagnetism in diluted magnetic semiconductors ͑DMS͒ is gaining a lot of attention because of their importance for developing future ''spintronic'' devices. 1 Mn-doped III-V DMS are currently in the focus of interest, with ͑Ga,Mn͒As being the most extensively studied compound of this class. The highest Curie temperature T C reported for this material is 110 K. Dietl et al. 2 have calculated T C for various Mn doped ͑5%͒ III-V semiconductors using the Zener model of carrier-induced ferromagnetism. In fact, contrary to Mndoped II-VI DMS where Mn is an isoelectronic impurity on the group II site, Mn incorporates substitutionally on the group III site in III-V DMS and thus acts in principle as an acceptor which provides the required free carriers to turn the antiferromagnetic Mn-Mn interaction into ferromagnetic. Assuming a hole concentration of 3.5ϫ10 20 cm Ϫ3 , this model 2 predicts T C to be above 300 K in Ga 0.95 Mn 0.05 N as compared to 120 K for Ga 0.95 Mn 0.05 As. Several groups have thus initiated the growth and investigation of this material. The results, however, show significant discrepancies, particularly regarding the magnetic properties of the layers. For example, while some researchers have reported antiferromagnetic behavior for this material, 3, 4 others observed ferromagnetism with various different values of T C ranging from 20 to 940 K. 4 -8 All values of T C above room temperature stem from n-type or even highly resistive samples. [5] [6] [7] The origin of the ferromagnetism observed is thus far from understood. If it were an intrinsic property of insulating ͑Ga,Mn͒N, it is clear that the model of Dietl et al. 2 would not apply to this case. A more recent calculation based on the double-exchange mechanism in fact predicted a transition between a spin-glass and a ferromagnetic state in insulating ͑Ga,Mn͒N for sufficiently low concentrations ͑Ͻ20%͒ of Mn. 9 However, it is important to note that there exist several Ga-Mn and Mn-N phases, which are ferromagnetic, ferrimagnetic or antiferromagnetic in nature. Furthermore, some of these phases are ferromagnetic up to very high temperatures ͑for example, MnGa: ferromagnetic, T C Ͼ600 K;
10 Mn 4 N: ferrimagnetic, T C ϭ738 K
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͒. The formation of such phases as precipitates during growth can dominate the magnetic properties of the material. Recently, it has been reported that the formation of secondary phases during the growth of ͑Ga,M͒N with molecular-beam epitaxy ͑MBE͒ is inhibited in the presence of hydrogen. 12 Reactive molecular-beam epitaxy ͑RMBE͒ might thus be a suitable technique for the growth of homogeneous ͑Ga,Mn͒N, since growth is automatically performed in the presence of H stemming from the decomposition of NH 3 . In fact, by employing RMBE we have been able to grow homogeneous ͑Ga,Mn͒N alloys up to a Mn content of 10%, the properties of which are the subject of the present paper. However, we have also found that clustering does occur at Mn contents exceeding 12-13 %. 13 These latter layers are indeed observed to be ferromagnetic up to very high temperatures ͑Ͼ800 K͒. However, this ferromagnetism is not an intrinsic property of these ͑Ga,Mn͒N layers but originates from the nm-scale Mn-rich clusters formed during growth, as will be shown in detail in a forthcoming publication. 14 Here, we present a detailed study of the magnetic properties of homogenous ͑Ga,Mn͒N layers grown directly on 4H-SiC͑0001͒ by RMBE. All layers under investigation are insulating in nature. Using a variety of experiments ͑temperature-dependent dc magnetization, isothermal remanent magnetization, frequency, and field dependent ac susceptibility͒, we demonstrate that insulating ͑Ga,Mn͒N alloys represent a Heisenberg spin-glass with a spin-freezing temperature around 4.5 K. To the best of our knowledge, ͑Ga,Mn͒N is the first III-V DMS which exhibits spin-glass properties. The origin of the spin-glass behavior of ͑Ga,Mn͒N is likely to be analogous to that discussed for the archetypal spin-glasses represented by Mn-doped II-VI DMS, namely, the simultaneous occurence of disorder, arising from the spatially random substitution of group II element by Mn ions, and frustration of the antiferromagnetic interactions between Mn ϩϩ ions naturally provided by the wurtzite lattice.
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II. EXPERIMENT
The samples under investigation are grown in a custom designed two-chamber MBE system equipped with conventional effusion cells for Ga and Mn and an unheated NH 3 gas injector. A commercial filter purifies NH 3 and a mass-flow controller adjusts its flow into the growth chamber. Semiinsulating Si-face 4H-SiC͑0001͒ is used as substrate which is ex situ H 2 etched and in situ treated with Ga to obtain an atomically smooth and clean surface prior to growth, as described in detail in Ref. 16 . The ͑Ga,Mn͒N layers are grown directly ͑with one exception͒ on these SiC substrates at a substrate temperature of 710°C ͑100°C lower than the temperature normally used for GaN growth͒ which results in homogeneous ͑Ga,Mn͒N layers up to a Mn content of 10%. The NH 3 flux is controlled to keep the III-V ratio constant for all layers, and resulted in a chamber pressure of 4Ϫ5 ϫ10 Ϫ5 Torr during growth. The Mn/Ga flux ratio was changed in order to adjust the Mn content in the layers. We focus here on two ϳ350 nm thick layers, the Mn content of which is 7.6% ͑sample A͒ and 10.3% ͑sample B͒ as measured by secondary ion-mass spectrometry ͑SIMS͒ depth profiles. Conductivity measurements reveal both samples to be electrically highly resistive ͑Ϸ1 M⍀ cm͒ even at room temperature. Above room temperature, thermally activated conduction sets in with an activation energy of 0.15 eV.
Nucleation and growth is monitored in situ by reflection high-energy electron diffraction ͑RHEED͒. Structural properties of the layers are investigated by x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒. Symmetric high-resolution triple-axis x-ray -2 scans are taken with a Bede D3 diffractometer equipped with a Cu K␣ 1 rotating-anode source, a Bartels-type Ge͑002͒ monochromator and a Si͑111͒ analyzer. TEM is performed using a JEOL3010 microscope operating at 300 kV. The bright-field micrographs are taken with a diffraction vector gϭ͓0002͔. The magnetization measurements are done in a quantum design superconducting quantum interference device ͑SQUID͒ setup. Magnetization loops are recorded at various temperatures for magnetic fields between Ϯ5 kOe. Prior to measuring the temperature dependence of the magnetization, the sample is first cooled from room temperature to 2 K either under a saturation field of 10 kOe ͓field cooled ͑FC͔͒ or at zero field ͓zero field cooled ͑ZFC͔͒. For ac susceptibility measurements, an ac amplitude of 3.5 Oe is used. The magnetic field is applied parallel to the surface, i.e., perpendicular to the c axis, in all measurements. All data are corrected for the diamagnetic contribution of the substrate.
III. STRUCTURAL CHARACTERIZATION
During nucleation of the layers, a spotty RHEED pattern is initially observed reflecting a purely three-dimensional growth mode. Upon the deposition of 10 ML ͑Ga,Mn͒N, the RHEED pattern becomes entirely streaky. Figure 1 shows the RHEED pattern along the ͗1120͘ azimuth during growth. The streaky RHEED pattern reflects a two-dimensional growth mode and a smooth surface. It is noteworthy that the pattern does not exhibit the ͑2ϫ2͒ reconstruction which we encounter when growing pure GaN. 17 This finding may be indicative of the presence of a Mn floating layer on the growth front. However, the intensity of the RHEED pattern stays constant during growth, suggesting that the Mn coverage rapidly reaches a steady-state value due to a balance of adsorption and desorption of Mn adatoms. In fact, the SIMS depth profiles show no accumulation of Mn at the as-grown surface, and the Mn content is constant over the entire depth of the layer.
The crystalline structure of these samples is studied by XRD. Symmetric ͑0002͒ and asymmetric ͑1124͒ x-ray rocking curves for the samples under investigation exhibit a width of 300Љ and 900Љ, respectively, actually lower than values we observe for equally thin pure GaN layers grown under these conditions, and comparable to values reported for high-quality GaN grown by MBE in general. The incorporation of significant amounts of Mn thus does not deteriorate the crystal quality. Figure 2 shows a high-resolution triple-axis -2 scan of a 450 nm thick ͑Ga,Mn͒N layer grown here on a 195 nm thick GaN buffer layer on 6H-SiC͑0001͒. The reflections of both epilayers are clearly resolved. The simulation has been done simply by using appropriate lattice constants to match the angular position of these reflections. Note that the reflection of ͑Ga,Mn͒N occurs at a larger angle than that of the GaN buffer layer, revealing a smaller c lattice constant for the alloy as compared to GaN. The shape of the experimental profile is described well by the simulation ͑for which we used an instrumental broadening of 17Љ͒, indicating that inhomogenous strain is virtually absent in these layers. This finding suggests a homogeneous incorporation of Mn in the ͑Ga,Mn͒N alloy.
In Fig. 3 , we show c as a function of Mn-content for three ϳ350 nm thick ͑Ga,Mn͒N layers grown on 4H-SiC. Solid squares represent sample A and B as well as another ͑Ga,Mn͒N layer with 14% Mn content grown under identical conditions except for the Mn/Ga ratio. Open squares represent a number of pure GaN samples grown on 4H-SiC. The values measured for the latter samples scatter by Ϯ0.001 Å, which may originate in a slight variation of the substrate lattice constant due to doping inhomogeneities or a slight difference of the thermal strain in the GaN layer. In any case, despite this scatter the value of c is seen to decrease linearly with increasing Mn-content, indicating a predominantly substitutional incorporation of Mn. It is interesting to note that an opposite trend is observed for ͑Ga,Mn͒As, where the outof-plane lattice constant is found to increase with the Mn content. 18 Figure 4 shows bright-field TEM micrographs of sample A and B. Both the samples are seen to be homogeneous layers without any evidence for a secondary phase. This finding is in contrast to layers with higher Mn content, where nm-size clusters are observed in the micrograph. 14 We note that we were unable to detect the presence of these clusters by XRD, presumably because of their minuscule size resulting in a significant broadening of the reflection. The absence of additional reflections in XRD profiles is thus no proof for the absence of precipitates or clusters.
IV. MAGNETIZATION
A. Temperature dependence of dc magnetization Figure 5 shows the temperature dependence of FC and ZFC magnetization curves for samples A ͓Fig. 5 ͑a͔͒ and B ͓Fig. 5͑b͔͒ at a magnetic field of 100 Oe. Both samples exhibit a quite similar behavior, namely, a pronounced FC-ZFC irreversibility and a sharp cusp in the ZFC curves. These two features are fingerprints for spin-glass systems. 15 A closer inspection of these curves reveals a two-step irreversible process. First, a weak irreversibility occurs at around 6 K which is then followed by a strong irreversibility close to 3 K ͑in-dicated by arrows͒. This two-step irreversibility has been observed in many Heisenberg spin-glasses and is commonly attributed to the freezing of transversal ͑weak irreversibility͒ and longitudinal ͑strong irreversibility͒ spins. [19] [20] [21] The FC and ZFC curves converge above 6 K and gradually decrease with the increase of temperature, indicating paramagnetic behavior at higher temperatures. The respective insets of the figure show the magnetization loops at 2 and 10 K. A hysteresis is seen only below 6 K, as expected from the FC and ZFC curves.
In Fig. 6 , the inverse dc susceptibility measured for sample B at Hϭ200 Oe is plotted versus temperature. As expected, a clear linear dependence is found above 80 K. Above 200 K, the data scatter because the diamagnetic contribution from the substrate dominates the magnetization. We have fit the data between 80 and 200 K by the Curie-Weiss law
where CϭN 2 /3k B and ϭ(2/3)xS(Sϩ1)z(J/k B ). Here, N is the number of Mn ions per cm 3 , ϭg B ͓S(Sϩ1)͔ 1/2 the spin magnetic moment, x the Mn content, z the number of nearest neighbors ͑12 for a wurtzite lattice͒, and J the nearest-neighbor exchange integral. In ͑Ga,Mn͒N, gϭ2 and Sϭ5/2, as has been determined by electron spin resonance. 22 The fit by Eq. ͑1͒ yields ϭ7.22 B and J/k B ϭϪ1.58 K. Both values are close to those obtained in Ref. 3 for a sample with similar Mn concentration. It is interesting to note that the antiferromagnetic Mn-Mn nearest-neighbor interaction in II-VI DMS is about one order of magnitude larger. 23 Furthermore, the value of is close to the theoretical value of g͓S(Sϩ1)͔ 1/2 B ϭ5.92 B . The negative value of J reflects the antiferromagnetic Mn-Mn nearest-neighbor interaction. A quantitatively similar behavior is also observed for sample A ͑ϭϪ10.4 K͒.
B. Isothermal remanent dc magnetization
Since the properties of samples A and B are qualitatively identical, we will focus in the following on sample B. The isothermal remanent magnetization ͑IRM͒ of this sample is obtained by cooling the sample in zero field from 100 to 2 K, increasing the field to the desired value, holding it there for 5 min, then turning the field to zero and observing the remanent magnetization as a function of time. We have studied the IRM at various initial magnetic fields between 1 to 30 kOe. The remanent magnetization M IRM (t) decays so slowly that its value remains nonzero even after 2 h of decay. This is again a fingerprint of spin-glasses. Figure 7 shows the experimental data as well as fits to them according to M IRM (t)ϭM 0 Ϫ␣ ln(t) at 1, 2 and 3 kOe. The fits are not perfect, but significantly better than those obtained with a stretched exponential. In the inset of Fig. 7 we show the values of the two fitting parameters M 0 and ␣ as well as M IRM at tϭ300 s as a function of the field. All these parameters increase rapidly with the magnetic field up to 3 kOe and then saturate. This behavior has been observed in several different spin-glasses 24 -26 and is also supported by theory. 27, 28 Furthermore, the clear correlation between M 0 and ␣ is a manifestation of the memory of a spin-glass.
C. Frequency dependence of ac susceptibility
The temperature dependent ac susceptibility is measured at various measurement frequencies ranging from 0.1 Hz to 1 kHz. Representative examples are shown in Fig. 8 . The real part Ј of the complex susceptibility exhibits a pronounced peak at a temperature T f around 5 K. The imaginary part Љ exhibits a sudden onset at a temperature T i ͑around 6 K͒ slightly above T f . This behavior is characteristic for a spinglass: T i indicates the onset of the weak irreversibility and is considered to be related to transversal spin freezing, whereas T f is considered to be related to the strong irreversibility and thus to longitudinal spin freezing. 29 Both T f and T i increase with the measurement frequency ( f ). The frequency sensitivity of T f is determined to be ⌬ T f /T f ⌬ ln fϭ0.012. This value is comparable to those reported for other canonical spin-glass systems, e.g., Cd 0.6 Mn 0.4 Te: 0.02 ͑II-VI DMS spin-glass͒, Cu:Mn: 0.007 ͑metallic spin-glass͒, and Eu 0.6 Sr 0.4 S: 0.05 ͑insulator spin-glass͒. 29 Assuming a phase transition at T 0 , the spin freezing can be analyzed in terms of a critical slow down above T 0 using the following expression:
where is the critical exponent for the correlation length , and z is the dynamic exponent relating f to by 1/f Х o z . The experimental variation of T f ( f )ϵT has been analyzed using Eq. ͑2͒ as shown in the inset of Fig. 8 . We obtain a phase transition temperature T 0 ϭ4.5 K, zϭ10 and 0 Ϸ10 Ϫ11 s. The shortest relaxation time 0 compares well with ប/k B T o ϭ1.68ϫ10 Ϫ12 s. The value of zϭ10 is close to the values (zϷ8Ϫ10) reported for the spin-glasses Cd 0.6 Mn 0.4 Te ͑Refs. 29,32͒ and Eu 0.6 Sr 0.4 S. 33 It also agrees well with the simulation of Ogielski 30 for 3D spin-glasses with short-range interaction.
D. Magnetic field dependence of ac susceptibility
In a Heisenberg spin-glass, both strong and weak irreversibility lines are predicted to follow a ϭch a behavior, with the reduced temperature ϭ͓1ϪT f ,i /T 0 ͔, the reduced magnetic field hϭH/k B T 0 where T 0 is the transition temperature, a pre-factor c and a simple fraction or an integer a. In an ideal 3D-Heisenberg spin-glass without any anisotropy, the weak irreversibility line related to the freezing of the transversal spin components ͑perpendicular to the applied field͒ is predicted to follow a Gabay-Toulouse-͑GT-͒ like behavior with ϰh 2 , whereas the strong irreversibility line related to the freezing of the longitudinal spin components is expected to be DeAlmeida-Thouless-͑AT-͒ like with . 34 This behavior has been observed in various wellcharacterized Heisenberg spin-glass systems ͓such as, e.g., Cd 1Ϫx Mn x Te ͑Ref. 29͔͒. Figures 9͑a͒ and 9͑b͒ show the temperature dependence of the real and imaginary part of the complex susceptibility measured at various dc magnetic fields from 0 to 500 Oe with 10 Hz of ac frequency. T f and T i ͑indicated by arrows͒ decrease with increasing dc field. T f (H) shows AT-like behavior, as expected for a Heisenberg spin-glass as seen from the inset of Fig. 9͑a͒ . However, T i (H) does not follow a GT-like behavior as expected for an isotropic Heisenberg spin-glass. T i (H) rather exhibits a strong dependence on H as is evident from a much larger variation of T i with H compared with, e.g., Cd 0.45 Mn 0.55 Te ͓where T i (H) indeed exhibits a GT-like behavior͔. For Cd 0.45 Mn 0.55 Te, the observed variation of T i is reported to be of the order of 10 Ϫ2 K 29 for a change in H of 100 Oe, whereas in the present case the change is several Kelvin. In fact, T i (H) is observed to follow a H 2/3 dependence, as shown in the inset of Fig. 9͑b͒ . A similar behavior ͑AT-like͒ of the weak irreversibility line has been observed in Eu 0.4 Sr 0.6 S which has been attributed to a large local anisotropy energy of 0.4 K present in this particular Heisenberg spin-glass. 33 If the anisotropy is large, the anisotropy parameter dϭD/J, where D is the mean anisotropy energy, plays a crucial role in determining the behavior of the irreversibility lines. It has been shown theoretically that the weak irreversibility line can ϭ0.14 for the maximum dc field ͑500 Oe͒ used in our experiments.
A qualitatively identical behavior as reported above is seen also for samples with lower and higher Mn content ͑the latter of which exhibit Mn-rich clusters that additionally give rise to ferromagnetism at high temperatures͒. The main difference between these samples is the spin-freezing temperature, which is found to increase with the Mn-content as shown in Fig. 10 even for the sample incorporating clusters. In fact, the volume fraction of these clusters is very small ͑Ͻ1%͒, 13 and the overwhelming majority of Mn atoms continue to occupy substitutional sites in the matrix as also indicated by the monotonous change of the lattice constant ͑see Fig. 2͒ . The spin-glass character of ͑Ga,Mn͒N is thus preserved even when precipitation occurs.
The dramatic difference in the magnetic properties of the insulating spin-glass ͑Ga,Mn͒N and the metallic ferromagnet ͑Ga,Mn͒As appears puzzling at the first glance, but is easily explained. In the absence of free carriers, the Mn-Mn interaction is expected to be antiferromagnetic, and only the presence of a sufficient concentration of free carriers can render the antiferromagnetic Mn-Mn interaction into a ferromagnetic one. 2 Since Mn forms a relatively shallow acceptor level in GaAs ͑100 meV͒, the Mn impurity band merges with the valence band at sufficiently high Mn concentrations which effectively results in metallic p-type conductivity. In contrast, Mn in GaN has been experimentally observed by Korotkov et al. 36 to form a very deep state within the gap ͑1.4 eV͒. Even at very high concentrations ͑such as 10%͒ Mn will thus form merely an impurity band which will effectively pin the Fermi level and render the crystal into an insulator, as experimentally observed for our samples. ͑Ga,Mn͒N thus resembles Mn-doped II-VI DMS in that it fulfills the two criteria for a spin-glass, namely, randomness ͑since it is a diluted alloy͒ and frustration ͑which is inherent to the wurtzite lattice͒.
It has to be noted that, qualitatively, a superparamagnet behaves very similar to a spin-glass. Quantitatively, however, superparamagnetic materials neither exhibit a cusp in ZFC curves as sharp as that observed in Fig. 5 ͑because of the size distribution of the ferromagnetic clusters͒, nor do they follow the scaling behavior shown in Fig. 8 and the AT-like field dependence of the spin-freezing temperature shown in Fig. 9 .
Finally, reports in the literature about high n-type conductivity in ͑Ga,Mn͒N layers should be considered with great caution. First, many ͑Ga,Mn͒N layers are grown on GaN buffer layers ͑which may be required for growth on sapphire͒, which are likely to exhibit n-type conductivity and may entirely dominate the conductivity of the sample. Second, the extraordinary Hall effect present in ferromagnetic crystals greatly complicates the analysis of Hall effect measurements. Third, if clustering occurs, the crystal is electrically inhomogeneous and cannot be analyzed in a straightforward manner by the standard van der Pauw technique. Fourth, even an actual n-type conductivity of the layer may merely indicate excessive clustering, such that the matrix is essentially depleted of Mn. In fact, we have found that samples with a Mn content below 10% but grown at high temperature ͑810°C͒ are conducting as well as ferromagnetic, indicating that cluster formation is greatly facilitated by the high growth temperature. Considering all these points, it is evident that a reliable interpretation of the electrical properties of ͑Ga,Mn͒N may be extremely demanding, and cannot be done without a detailed analysis of the structural and magnetic properties of the system.
V. CONCLUSIONS
We have shown that homogeneous ͑Ga,Mn͒N is intrinsically a Heisenberg spin-glass. This discovery may have important implications for the understanding of spin-glasses in general, since it adds a new material class ͑an insulating wurtzite III-V compound͒ to the list of known spin-glasses. Where possible, we have generated quantitative results to facilitate comparison with existing theories. In fact, the comparisons made in the present paper are generally in good agreement with theory, although details may need further theoretical refinement. The ferromagnetism of ͑Ga,Mn͒N reported in several publications is likely not to be an intrinsic property of insulating ͑Ga,Mn͒N, but a consequence of precipitation, the microscopic nature of which remains to be unraveled. Finally, we suggest that codoping of GaN with Mn and Mg ͑Ref. 37͒ may well prove to be both scientifically fascinating and important from the point of view of applications, since the ͑moderate͒ concentration of free holes provided by the comparatively shallow Mg acceptors may turn the antiferromagnetic Mn-Mn interaction into a ferromagnetic one. If successful, such experiments would provide an invaluable test of the model developed by Dietl et al. 
